vector and its native hosts. Although I. scapularis has a broad host range, 7, 8 its principal host in the larval and nymphal stages is the white-footed mouse (Peromyscus leucopus); 7,9,10 its preferred host as an adult is the white-tailed deer (Odocoileus virginianus).
11,12
Movements of deer determine the vector's presence in the landscape, 7, 11, 12 given a cool, moist microhabitat and the availability of hosts for immature stages. 13 Both O. virginianus and P. leucopus thrive in heterogeneous landscapes created by land-cover modification. Deer require a mix of forest cover and open areas with tender vegetation 14 ; the white-footed mouse is highly opportunistic and will inhabit forest edges as well as islands of woodland too small or inaccessible to sustain populations of other forest species. 15, 16 All of these habitats can be coincident with or adjacent to lowdensity residential areas. Research throughout north-eastern US 4, [17] [18] [19] [20] [21] suggests that Lyme disease cases are associated primarily with exposure around the home (peridomestic exposure). Widespread trends in low-density development 22, 23 raise the potential for increased human exposure to ticks and resulting infection in areas endemic for Lyme disease. This study sought to quantify the role of land-cover pattern in endemic areas. We used an ecological design to capture largescale zoonotic processes; this approach is recommended when an exposure is hypothesized to operate at a societal or other supraindividual level. [24] [25] [26] Numerous studies related to Lyme disease have addressed land-cover variables on the scale of the individual residential parcel. 4, 5, [19] [20] [21] 27, 28 Interactions among humans, vectors, and their hosts may indeed occur within the parcel, given suitable habitat and connectivity with adjacent land. However, the parcel unit fails to capture relevant land-cover pattern at larger scales that reflect the context of the home within broader host habitats, and also within municipal infrastructure and ordinances, and the culture of land-use allocation at the county or regional level. These factors illustrate that peridomestic exposure involves processes operating beyond the individual home parcel. Our research focused particularly on the degree of interspersion between forested land and land that has been cleared for lawn, pasture, or other herbaceous cover. Previous studies have explored associations between forest edge and risk of B. burgdorferi infection. [27] [28] [29] However, with one exception, 30 they used small analysis units or small sample sizes, or they provided little quantification of the amount or configuration of forest edge associated with the dependent variable, whether vector abundance or infection; canine seroprevalence; or human case rates. Das et al. 30 related the abundance of female I. scapularis on slain deer to the amount of forest edge in more than a hundred 10 km 2 landscapes. Our research differs from their work by encompassing a much larger study area, addressing a broader spectrum of land-cover modification, and seeking associations with disease rate rather than vector abundance, among other characteristics. Certainly, factors in addition to land-cover pattern are relevant in the spatial and temporal variability of B. burgdorferi infection. Abundance of I. scapularis and its hosts has been correlated with production cycles of acorns, a critical host food. [31] [32] [33] Case rates have also been linked to climatic variability. 34, 35 Nevertheless, existing research indicates the significant role of land-cover pattern, a variable that is amenable to management.
Methods
We Reports of such cases were available throughout the study area. However, Lyme disease is frequently under-reported. 37, 38 Reasons for uniform under-reporting include asymptomatic infection and empirical treatment. Ecological analysis can detect a stronger signal from uniformly weak data than a design centred on individual cases. 24, 25 In aggregating our case data, we compensated in part for under-reporting that may have occurred uniformly throughout the study area. Where under-reporting relates to socioeconomic status, as in failure to present, 39 it is presumably less uniform. To account for differential socioeconomic status, we included median annual household income from the 2000 US Census 40 as an explanatory variable.
Reported cases in the study area reflected the typical bimodal age distribution of cases reported nationally. 2, 41 Out of 2531 cases (99.5%) where age was reported, 699 (27.6%) were children aged 3-12. The second, smaller peak contained 573 cases (22.6%) aged 44-59. We considered restricting analysis to those cases younger than 5 or older than 65 (n 5 405), since exposure away from home may be least likely for these age groups, but we decided to include cases of every age to maximize sample size. We mapped case residences in ArcGIS, 42 first using a spatial database of parcel addresses from the Maryland Department of Planning and then using an electronic street atlas from TeleAtlas, Inc. 43 for case addresses not found in the parcel database. We successfully mapped the residences of 2149 cases (85%). The deletion of second reports for 12 individuals resulted in 2137 cases available for spatial analysis. Land-cover data derived from Landsat 7 Enhanced Thematic Mapper 30-m resolution satellite imagery, primarily from the year 2000. 44 Initially available in 13 land-use/land-cover categories for the study area, the data were reduced to four classes of land cover: water, herbaceous, forest, and developed (>20% impervious surface). Herbaceous cover comprises half of the land area in the study, and includes pasture, row crops, and lawn. Forest covers 40% of the land area; the developed category accounts for the remaining 10%. Both forest and herbaceous cover may include low-density development (,20% impervious surface). We used the parcel database to help locate and quantify the low-density development. Residential land-use represents ,15% of the forest class, while residences, together with constructed open space (e.g. parks, golf courses, airports), comprise almost one-third of the herbaceous class.
We partitioned the study area into 514 exposure landscapes using federally funded roads from the National Transportation Atlas. 45 Major roads were thought to constrain most peridomestic activity and serve at least as partial barriers to deer. We made the assumption that major roads were more appropriate for delineating independent environmental analysis units than administrative or other non-physical boundaries with even less relevance to animal movement. The landscapes range in extent from 0.002 to 580 km 2 ( Figure 2 ).
We computed the population count and median annual household income for each landscape using area-weighted averaging of census data at the block-group level. 6 We calculated the incidence rate for each landscape during 1996-2000 by using the population data as adjusted, and assuming population stability for the five study years. 46 We defined incidence rate as the reported new cases per 1000 people over 5 years, expressed as cases per 5000 person-years. Cases (n 5 146) located beyond the perimeter of our road-defined frame were dropped from the study, resulting in a final count of 1991 cases. Metrics of land-cover pattern were calculated in Fragstats 3.3. 47 They included landscape area; area and percentage of landscape in forest, herbaceous, and developed cover types; number of forest patches ,2 ha; length of edge around patches of each cover type and across the total landscape; and an edgecontrast index that captured the percentage of all edge length between land-cover types that represents forest-herbaceous adjacency. We summarize the calculation of this index as follows:
Length of edge between forest and herbaceous pixels (length of edge between all dissimilar pixels) 1(length of the landscape boundary).
We evaluated statistical relationships with regression analysis using S-plus 6.1 48 with the MASS library module. 49 We used a negative binomial generalized linear model to accommodate overdispersion in the data. 50 As the traditional R 2 statistic is inappropriate for negative binomial models, 51, 52 we used an alternate calculation. The method we chose is based on the model overdispersion parameter (q) instead of differences in sums of squares. While not directly comparable, it exhibits similar key traits such as (i) returning values between zero and one and (ii) consistently quantifying improvements in fit when variables are added in any order to a model. 51, 52 We also used the Akaike information criterion (AIC) to evaluate goodness-of-fit. 50, 53, 54 Criteria for selecting the final model included (i) highest R 2 value,
(ii) lowest AIC value, (iii) coefficient correlations ,0.4, and (iv) 95% of residuals between À2.0 and 2.0.
Results
Reported Lyme disease cases across the 514 exposure landscapes for the combined 5 year study period resulted in a range of incidence rates from 0 to 13 cases per 5000 person-years. All but four landscapes exhibited ranges from 0 to 3.5 cases per 5000 person-years. No cases were reported in 317 landscapes (62%).
No cases were reported in landscapes ,0.3 km 2 (n 5 150). Cases were observed in all landscapes .35 km 2 . The land-cover characteristic that explained the most variability in Lyme disease incidence rate was the edge-contrast index-the relative measure of forest-herbaceous edge. The relationship was log-linear; in the final model, every 10% increase in the value of the index corresponded to a 34% increase in incidence rate (Table 1) .
Adding percentage forest cover improved the fit of the model, reducing AIC from 1324 to 1273 and increasing R 2 from 0.75 to 0.82 (Table 1) . Percentage forest exhibited a quadratic Figure 1 Location of the 12 county study area within Maryland relationship with incidence rate, with the latter peaking at 53.5% forest in the final model. Percentage herbaceous cover also exhibited a quadratic relationship with incidence rate. However, this variable was highly negatively correlated with percentage forest and had lower explanatory power, so it was not included in the final model. The inclusion of median annual household income resulted in our strongest model, further reducing AIC to 1257 and increasing R 2 to 0.85 ( 
Discussion
Half-forested landscapes with a large percentage of forestherbaceous edge are statistically associated with the highest Lyme disease rates in our study area. These findings begin to quantify parameters for landscape design that may reduce B. burgdorferi exposure. Figure 3 presents two hypothetical landscapes with 50% forest cover, but different amounts of forest-herbaceous interspersion. Of the two, the landscape on the right would offer more sheltered foraging opportunities for O. virginianus and P. leucopus, which transport I. scapularis. This same landscape would also provide greater peridomestic access to forest habitat for low-density suburban and rural residents whose parcels are dominated by lawn or other herbaceous cover. By increasing the proximity of these residents to forest hosts, this landscape configuration would facilitate casual peridomestic exposure. Alternatives to this facultative design are landscapes with highly clustered forest and herbaceous cover ( Figure 3 , at left), as well as landscapes with sufficient higherdensity development to preclude a large percentage of forestherbaceous edge. Notably, our model applies to landscapes that range over several orders of spatial magnitude. Such stability is somewhat unusual in geographic research [55] [56] [57] and may reflect our use of environmentally meaningful analysis units to capture host habitat and human contact with it. 58, 59 A multi-scale design is recommended in landscape analyses to determine the sensitivity of land-cover metrics to environmental processes under study. 60 With such a design, scale itself must be included as a possible covariate in any models. 60 Our results indicate that landscape area, independent of land-cover attributes, is not significant in Lyme disease rate.
Comparisons with previous studies
Das et al. 30 also found their response variable to be significantly positively correlated with percentage forest edge. However, they reported negative correlations with percentage forest, agricultural, and low-density residential land instead of quadratic relationships. One explanation may be that they studied hunting range, rather than a broad spectrum of land-cover modification. Additionally, their analysis units were uniformly set to 10 km 2 , precluding an assessment of the importance of spatial scale to the results.
We were not able to corroborate preliminary findings by Allan et al. 61 that landscapes with patches ,2 ha pose a greater risk for Lyme disease. Their reasoning was that small forest patches support a lower diversity of host species and thus are dominated by P. leucopus, the primary reservoir for B. burgdorferi. However, the significance of forest edge in our study may be consistent with this diversity hypothesis. Many disturbance-tolerant forest species exhibit some competence for B. burgdorferi. 62 Noncompetent hosts include disturbance-intolerant songbirds, 62 which are absent in edge habitat and therefore unavailable to serve in a zooprophylactic capacity.
Evaluation of model fit
The low values for 95% of our residuals indicate a balanced influence of individual observations. 63 Our model closely fit the observed rates in landscapes of all sizes. Over-estimations were small in magnitude, suggesting that the income variable adjusted for demographic non-uniformity in case reporting. We propose that the largest residual values representing under-estimations are a function of our variable spatial delineation of the peridomestic environment. For any exposure that did occur away from home, it is more likely also to have taken place outside the home landscape if the home landscape was small. In contrast, cases reported in large landscapes could have resulted from peridomestic exposure or potentially from activities away from home but still within the home landscape. This broad definition of 'home' in large landscapes could explain why the model exhibits very few large under-estimations in analysis units .10 km 2 ; these may be sufficiently large to encompass peridomestic as well as other types of exposures.
There are two plausible components to the high model accuracy observed in landscapes ,0.3 km 2 , for which no cases were reported: (i) they are primarily urbanized and contain little or no exposure habitat and (ii) urban populations are more likely to be of low socioeconomic status with less opportunity for exposure away from home.
Limitations and implications
The strength of our model may be affected by our reliance on remote land-cover imagery, use of area-weighting in the spatial re-distribution of census data, and assumptions about major roads as barriers to deer and human peridomestic activity. Analysis did not include an evaluation of microhabitat, despite its importance to vector survival. 5, 30, 64, 65 Instead, our ecological approach relied on hierarchy theory [66] [67] [68] to subsume localized factors within macro-scale variables. We also used 2000 landcover data to describe habitat potentially associated with exposure that occurred during 1996-2000. As a result, our characterization of the residential landscape may not apply equally to all cases reported during the study period. These potential sources of error, plus the roles of plant productivity [31] [32] [33] and climate 34, 35 in the variability of Lyme disease rate and vector abundance, Figure 3 Hypothetical landscapes comprising 50% forest (dark shading), but with low (left) and high (right) interspersion with herbaceous cover would increase the overall random error in our model. Therefore, the actual relationship between Lyme disease and land-cover pattern may be even stronger than what we found. Our model does not distinguish sub-classes of herbaceous cover. Edge between forest and lawn is the exposure equivalent to edge between forest and pasture, for example. Any preliminary inference for landscape management about the forest-herbaceous edge would equate agricultural and lowdensity developed land uses. From an environmental perspective, forests bordering either of these land uses are attractive to opportunistic host species. More people are likely to encounter forest habitat that borders low-density development, which is increasing across the study area, than to encounter the forested edge of agricultural fields. Therefore, our findings suggest that landscape design to minimize exposure in the study area would involve managing the extension of low-density development into forested areas. Model validation with more recent data is necessary to strengthen this inference; data from other endemic areas would be necessary to extrapolate findings geographically.
Concern about the role of low-density development in human illness is not restricted to Lyme disease. 69 Babesiosis and human anaplasmosis, both Ixodes-borne, are also on the rise. 70, 71 The spread of residential areas into previously isolated wildlife habitat may have contributed to the emergence of Hanta virus in the US South-west. 72 The Biodiversity Project 73 has suggested that development-associated destruction of habitat for mosquito predators such as fish, reptiles, and bats has exacerbated mosquito-associated encephalitis. A growing body of literature indicates that low-density development also adversely affects physical fitness, pedestrian safety, accessibility for the elderly and disabled, community vibrancy, and even mental health. [74] [75] [76] [77] High-density development can certainly carry health risks, particularly those from air and water pollution. However, lowdensity development has become the US standard, so its adverse effects on human health are increasing. Furthermore, lowdensity development requires more land, pavement, and other resources per capita than traditional development patterns. 78 Its environmental effects are numerous and well-known; they include increases in polluted runoff, erosion, both flooding and drought, and the extirpation of disturbance-sensitive wildlife. [79] [80] [81] Previous researchers 4, 19, 82 have suggested domestic precautions for diminishing Lyme disease risk in low-density forested residential areas. Others 6, 61 have recognized that risk reduction may be most effective at the community level. Clustered development and moderate residential densities would minimize forest fragmentation and the resulting forest-herbaceous edge habitat that is strongly implicated in exposure. Our findings begin to quantify thresholds of deforestation where we observe increased incidence rates and propose a landscape unit for planning development that preserves forest interior relative to forest edge. Designing the built environment for improved public health is a strategy that dates to the origins of the public health profession. Despite having faded from consideration, the built environment may again represent a powerful resource not only for reducing Lyme disease, but zoonotic diseases in general, as well as additional threats to both human and environmental health.
